H19 is a tumor-suppressor gene, and changes in the methylation of the H19-differential methylation region (H19-DMR) are related to human health. However, little is known about the factors that regulate the methylation levels of H19-DMR. Several recent studies have shown that maternal environmental factors during pregnancy, such as smoking, drinking, chemical exposure, and nutrient intake, can alter the methylation levels of several genes in fetal tissues. In this study, we examined the effects of maternal factors on changes in the methylation levels of H19-DMR in the human umbilical cord (UC), an extra-embryonic tissue. Participants from the Chiba study of Mother and Children's Health (C-MACH) were enrolled in this study. Genomic DNA was extracted from UC samples, and the methylation level of H19-DMR was evaluated by methylation-sensitive high resolution melting analysis. Individual maternal and paternal factors and clinical information for newborns at birth were examined using questionnaires prepared in the C-MACH study, a brief-type self-administered diet history questionnaire (BDHQ) during early pregnancy (gestational age of 12 weeks), and medical records. Univariate and multivariate logistic regression analyses indicated that reduced H19-DMR methylation (< 50% methylation) in UC tissues was positively related to decreased head circumference in newborns [odds ratio (OR) =2.82; 95% confidence intervals (CI): 1.21-6.87; p=0.0183 and OR =2.51; 95% CI: 1.02-6.46; p=0.0499, respectively]. Moreover, multiple comparison test showed that H19-DMR methylation in UC tissues was significantly reduced in the low calorie group (intake of less than 1,000 kcal/day; methylation level: 40.98%; 95% CI: 33.86-48.11) compared with that in the middle (1,000-1,999 kcal/day; methylation level: 51.28%; 95% CI: 48.28-54.27) and high (≥2,000 kcal/day; methylation level: 52.16%; 95% CI: 44.81-59.51) calorie groups (p=0.0054 and 0.047, respectively). In the subpopulations with low to moderate calorie intake (< 2,000 kcal/day), reduced H19-DMR methylation in UC tissues was significantly related to serum homocysteine concentration (OR =0.520; 95% CI: 0.285-0.875; p=0.019), maternal age (OR =1.22; 95% CI: 1.01-1.52; p=0.049), and serum folate levels (OR =0.917; 95% CI: 0.838-0.990; p=0.040). These data indicated that H19-DMR methylation levels in human UC tissues could be modulated by maternal factors during early pregnancy and may affect fetal and newborn growth.
Introduction
H19 is located on chromosome 11p15.5 and encodes a long noncoding RNA (lncRNA) (Angrand et al., 2015; Kanduri, 2015; Yoshimizu et al., 2008) . Hao et al. (1993) found that H19 can act as a tumor suppressor. Conversely, several subsequent studies have reported that H19 has oncogenic features. For example, H19 has been shown to be overexpressed in breast cancer, lung cancer, and several other types of cancers in both humans and animal models (Fanale et al., 2012; Matouk et al., 2013 Matouk et al., , 2015 . Thus, the exact role of H19 is still unclear. Recent studies have identified several new transcripts produced from this locus, as well as the original H19 transcript. These transcripts have their own functions distinct from the original H19 transcript (Lin et al., 1999; Matouk et al., 2004) , complicating our understanding of the role of the H19 locus. H19 is also a known imprinting gene. Moreover, the H19 gene contains a differentially methylated region (H19-DMR), which is completely methylated on the paternal allele but shows little methylation on the maternal allele (Ratajczak, 2012) .
Recent studies have shown that changes in H19-DMR methylation are related to human diseases. Beckwith-Wiedemann syndrome (BWS) is an autosomal recessive disease associated with macroglossia, abdominal wall defects, and hyperplasia in neonates (Mussa et al., 2015; Pappas, 2015; Udayakumaran and Onyia, 2015) . Recent data have indicated that H19-DMR is hypermethylated in the peripheral blood cells of patients with BWS (Choufani et al., 2010; Shmela and Gicquel, 2013) . Additionally, hypomethylation of H19-DMR is related to SilverRussell syndrome (SRS) (Abraham et al., 2014; Soejima and Higashimoto, 2013) . Patients with SRS exhibit intrauterine growth retardation (IUGR) and triangular face and have an increased risk of growth retardation and learning disorders (Abraham et al., 2014; Soejima and Higashimoto, 2013 ). In addition, several studies have reported that H19 methylation levels in the umbilical cord (UC) blood and placenta are related to newborn birth weight (Piyasena et al., 2015; Su et al., 2016) , although other studies have found no relationship between these factors (Bouwland-Both et al., 2013; Hoyo et al., 2012; Tabano et al., 2010) .
The gene encoding insulin-like growth factor 2 (Igf2), another imprinting gene, is located in same gene cluster in human chromosome 11, and H19 and Igf2 can function cooperatively. Moreover, the transcript level of Igf2 is also regulated by methylation in the imprinting-control region (ICR) (Renfree et al., 2013; Soejima and Higashimoto, 2013) . Some studies have reported the relationships among changes in the methylation levels of Igf2-DMR, maternal factors during pregnancy, and health effects on newborns (e.g., birth weight) (Ba et al., 2011; Murphy et al., 2012) . In contrast, the relationships among H19 methylation levels, maternal factors, and newborn health have not been fully elucidated due to conflicting study results (Bouwland-Both et al., 2015; Soubry et al., 2011) ; therefore, further studies are needed to clarify these relationships.
The developmental origins of health and disease (DOHaD) concept is a hypothesis concerning the relationship between environmental factors during the developmental period and various diseases (Mochizuki et al., 2017) . Morbidities associated with various adult diseases and recent increases in pediatric diseases, including allergies, obesity, and diabetes mellitus, could be associated with intrauterine, perinatal, or early postnatal environmental factors (Tanvig, 2014) . Many studies have shown that some maternal environmental factors, including exposure to chemicals, nutritional status, and stress, could have various health effects after birth (Bowers and McCullough, 2017; Yamada and Chong, 2017) . Recent data have indicated that various maternal environmental factors during pregnancy can alter the methylation status of fetal genomic DNA in several tissues. In particular, maternal smoking has a large impact on methylation levels in fetal tissues (Joubert et al., 2016b) . In addition, maternal obesity in prepregnancy has been associated with changes in the methylation level in fetuses (Sharp et al., 2015) . Moreover, such alterations in methylation levels are associated with health effects in children. Lim et al. (2012) reported that the methylation levels of paternal expression gene 10 (PEG10), an imprinting gene, in UC tissues were associated with newborn birth weights. Moreover, Godfrey et al. (2011) showed that the methylation level of the retinoid X receptor-α (RXRA) gene promoter region in UC tissues was altered by maternal carbohydrate intake during early pregnancy and that increased methylation in this region was related to elevated fat mass in children at 6 or 9 years of age. Thus, UC DNA methylation can reflect the fetal systemic status and may be associated with disease risk. Additionally, the UC is an extraembryonic tissue that can be obtained noninvasively. UC tissues are relatively homogeneous and may be useful for investigation of human epigenetics (Lim et al., 2012) .
In this study, we aimed to clarify the effects of maternal factors during pregnancy on H19-DMR methylation levels in UC tissues and elucidate the associations between altered DNA methylation levels in the UC tissues and fetal condition. It has been reported that the maternal first trimester is a critical period for epigenomic reprogramming and development in fetuses, and such reprogramming phase is especially vulnerable to environmental factors (LaRocca et al., 2014) . Accordingly, we evaluated the effects of maternal nutrient conditions and other characteristics during early pregnancy on H19-DMR methylation level in UC tissues and examined the associations between anthropometric values in newborns and H19-DMR methylation levels in the UC samples.
Materials and methods

Ethics statement
This study and the protocol were approved by the Biomedical Research Ethics Committee of the Graduate School of Medicine, Chiba University, and informed consent was obtained from each participant. All procedures were carried out in accordance with the Declaration of Helsinki.
Reagents
The NucleoSpin Tissue Kit and EZ DNA Methylation Gold Kit were purchased from TaKaRa Bio (Kusatsu, Japan) and Zymo Research (Los Angeles, CA, USA), respectively. Other reagents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) or Sigma-Aldrich (St. Louis, MO, USA).
Study participants
Participants were selected from individuals enrolled in the of Chiba study of Mother and Children's Health (C-MACH) (Sakurai et al., 2016) with the following criteria: answered the questionnaires in C-MACH; and did not undergo an abortion. The exclusion criteria were as follows: maternal smoking; underwent treatment for infertility; and experienced preterm or post-term delivery. A total of 101 participants were selected (Table 1) . UC tissues were obtained from the participants at delivery. In logistic regression analysis for maternal factors during early pregnancy and H19-DMR methylation levels in UC tissues, 91 of the 101 participants were analyzed due to missing values. For subpopulation analysis, 80 participants consuming less than 2,000 kcal/day were analyzed by logistic regression analysis.
Questionnaires
In C-MACH, questionnaires for mothers, fathers, and children were prepared (Sakurai et al., 2016) . Clinical information for newborns at birth was obtained from questionnaires and medical records. Maternal age, lifestyle, and other environmental factors at 12 weeks of gestation were obtained from questionnaires. To adjust for variations in maternal socioeconomic status (SES), maternal educational background and household income were included in the model. For maternal educational background, women that completed junior high school, senior high school, vocational college, and university/college/graduate school were scored as 1, 2, 3, and 4, respectively. For household income, those earning < 2,000,000 yen, 2,000,000-4,000,000 yen, 4,000, 000-6,000,000 yen, 6,000,000-8,000,000 yen, 8,000,000-10,000,000 yen, 10,000,000-12,000,000 yen, 12,000,000-15,000,000 yen, 15,000,000-20,000,000 yen, and ≥20,000,000 yen were scored on a scale of 1-9, respectively.
Nutritional condition was evaluated using a brief-type self-administered diet history questionnaire (BDHQ).
Biochemical analysis
Blood serum was obtained from pregnant women during early pregnancy (gestational age of 12 weeks), and serum levels of folate, vitamin B12, homocysteine, total cholesterol, high-density lipoprotein cholesterol, triglycerides, and glycoalbumin were evaluated by biochemical analysis. All biochemical analyses were performed by SRL, Inc. (Tokyo, Japan).
Extraction of genomic DNA from UC tissues
After delivery, UC tissues were transferred from hospitals to the laboratory. Samples were stored at -80°C until analysis. Genomic DNA was extracted from UC tissues using a NucleoSpin Tissue Kit. The quality and concentration of extracted genomic DNA were checked using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA) and QuantiFluor dsDNA System (Promega, Madison, WI, USA).
Methylation-sensitive high-resolution melting (MS-HRM) analysis
Bisulfate conversion was performed for genomic DNA extracted using an EZ DNA Methylation Gold Kit according to the manufacturer's instructions. The bisulfate-treated genomic DNA was subjected to MS-HRM analysis to evaluate H19-DMR methylation levels in UC tissues according to previous studies (Gao et al., 2011; Wojdacz et al., 2008) . Briefly, MS-HRM was performed using Thunderbird SYBR Green Master Mix (Bio-Rad, Hercules, CA, USA) and specific primers: H19 MS-HRM forward, 5′-GGGAGAGTTTGTGAGGT-3′; H19 MS-HRM reverse, 5′-AA-ATCCCCACAACCGCTAAAC-3′ (GenBank accession no.: AF125183). The reaction cycle was as follows: 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 10 s and annealing plus elongation for 30 s at 57.8°C. HRM was carried out at 65°C for 5 s and with a ramping from 65 to 95°C rising by 0.2°C every second. HRM data and the methylation level were calculated using Precision Melt Analysis software v1.2 (Bio-Rad).
As standards, 100%, 75%, 50%, 25%, and 0% methylated human genomic DNA were used. This standard sample series were prepared with EpiScope Unmethylated HCT116 DKO gDNA (TaKaRa Bio) and EpiScope Methylated HCT116 gDNA (TaKaRa Bio).
Statistics
Values are expressed as means [95% confidence interval (Cl)]. To examine relationships between H19-DMR methylation levels in UC tissues and each characteristic, participants were divided into two groups: the high methylation group (having 50% or more methylation of the H19-DMR in UC tissues) and the low methylation group (having less than 50% methylation of the H19-DMR in UC tissues; Tables 2 and  3) . Comparisons between high and low methylation groups for each characteristic were performed using Welch's t-test followed by the Benjamini and Hochberg method for multiple testing correction (Benjamini and Hochberg, 1995) . Differences with adjusted P values (Q values) of less than 0.05 were considered statistically significant.
The relationships between H19-DMR methylation levels in UC tissues and newborn head circumference were evaluated by logistic regression analysis with the incidence of head circumference of less than the average value (33.21 cm) as the dependent variable and the incidence of lower H19-DMR methylation level (< 50% methylation) as the independent variable, adjusted for gestational age, birth number (first birth or not), maternal body mass index (BMI), and newborn sex (Table 4) . The relationship between H19-DMR methylation level in UC tissues and maternal factors was evaluated by multivariate logistic regression analysis with the incidence of lower H19-DMR methylation level as a dependent variable and maternal age, height, weight, gestational age, calorie intake (< 1,000 kcal/day), carbohydrate intake, serum nutrient concentration, and paternal age as independent variables (Tables 5, 6 ).
To assess the relationships between maternal daily calorie intake and the methylation level of H19-DMR in detail, the study population was divided into three groups: low calorie group (intake of < 1,000 kcal/day), middle calorie group (1,000-1,999 kcal/day), and high calorie group (≥2,000 kcal/day). Comparison of H19-DMR methylation levels among these groups was performed using Kruskal-Wallis and Steel-Dwass tests. Differences with P values of less than 0.05 were considered significant.
Results
Distribution of H19-DMR methylation levels in human UC tissues
First, we evaluated the distribution of H19-DMR methylation levels in UC tissues in our study subjects. The H19-DMR methylation level varied in each UC tissue (Fig. 1) . The average, minimum, and maximum values of DNA methylation were 49.77%, 20.56%, and 67.65%, respectively.
Comparison of newborn anthropometrical indexes and parental factors between high and low H19-DMR methylation groups
The averages birth weights, heights, and head circumferences for newborns were 3084.09 (3025.95-3142.23) g, 49.47 (49.12-49.82) cm, 33.21 (32.95-33.47 ) cm, respectively (Table 1) . Participants were divided into two groups according to their H19-DMR methylation level (Tables 2, 3 ). Significant differences in head circumference were observed between the high and low methylation groups [33.47 (33.14-33.8) and 32.74 (32.37-33.11), respectively; p=0.02] . No significant differences were observed for birth weight or height (Table 3) .
The average BMIs and Ponderal indices of newborns were 12.60 (12.41-12.80) and 2.55 (2.50-2.60), respectively. The BMIs of newborns tended to be increased in the high methylation group compared with those in the low methylation group [12.75 (12.05-12.63 ) and 12.34 (12.49-13.0), respectively; p=0.096].
To evaluate the relationship between H19-DMR methylation level and head circumference in newborns in detail, we performed logistic Adjusted for maternal BMI, maternal SES (education and income), and newborn sex and head circumference.
Table 6
Odd ratio of maternal environmental factors to < 50% H19-DMR methylation level (< 2,000 kcal/day). Adjusted for maternal BMI, maternal SES (education and income), and newborn sex and head circumference. Fig. 1 . Distribution of H19-DMR methylation levels in human UC tissues in this study H19-DMR methylation levels were evaluated in UC tissues from the study population.
Independent variables
H. Miyaso et al. Environmental Research 157 (2017) Of the maternal characteristics evaluated in this study, no significant differences were found. In addition, the father's age was not significantly different between high and low methylation groups (Table 2) .
Comparison of H19-DMR methylation levels according to maternal daily calorie intake
To investigate the association between maternal nutritional status and H19-DMR methylation level, we divided mothers into three groups according to their calorie intake. The mean methylation levels in the low, middle, and high calorie groups were 40.98% (33.86-48.11), 51.28% (48.28-54.27 ), and 52.16% (44.81-59.51), respectively. Our data indicated that H19-DMR methylation level significantly decreased in the low calorie group compared with those in the other two groups (Fig. 2) .
We compared the head circumference among the different calorie groups. The head circumferences of newborns in the low, middle, and high calorie groups were 33.22 cm (32.81-33.63), 33.23 cm (32.89-33.57), and 33.09 cm (32.47-33.72), respectively, with no statistically significant difference detected.
Relationship between maternal factors during early pregnancy and H19-DMR methylation level in UC tissues
To identify the factors affecting lower H19-DMR methylation levels in the H19-DMR in UC tissues, multivariate logistic regression was performed (Table 5 ). The data showed that increased carbohydrate intake tended to be related to lower methylation levels (OR =1.28; 95% CI: 0.987-1.69; p=0.067). Calorie intake of less than 1,000 kcal/ day was also significantly related to lower methylation levels (OR =5.50; 95% CI: 1.51-23.0; p=0.013).
Moreover, multivariate logistic regression was performed after removal of the high calorie group (calorie intake of ≥2,000 kcal/day; Table 6 ). In this analysis, maternal age was significantly related to lower methylation levels (OR =1.22; 95% CI: 1.01-1.52; p=0.049). Carbohydrate intake and gestational age also tended to be positively related to lower methylation levels (OR =1.35; 95% CI: 0.968-1.92; p=0.082, OR =0.576; 95% CI: 0.306-1.02; p=0.067, respectively). Serum folate levels and homocysteine were inversely related to lower methylation levels (OR =0.917; 95% CI: 0.838-0.990; p=0.040 and OR =0.520; 95% CI: 0.285-0.875; p=0.019, respectively). Calorie intake of less than 1,000 kcal/day was significantly related to lower methylation levels (OR =15.4; 95% CI: 2.94-111; p=0.0027).
Discussion
In this study, we showed that lower H19-DMR methylation level in UC tissues was associated with decreased head circumference in newborns. Moreover, H19-DMR methylation levels in UC tissues were significantly decreased in the low calorie group (< 1,000 kcal) compared with that in the other groups. Our results also showed that serum folate concentrations, serum homocysteine concentrations, and maternal age were significantly related to lower H19-DMR methylation levels in UC tissues in a subpopulation study (calorie intake of < 2,000 kcal/ day). Thus, our findings demonstrate an association of H19-DMR methylation levels in UCs with environmental factors during pregnancy or with anthropometric measurements in newborns.
Some studies have shown that the methylation level of H19 varies, despite the fact that this gene is considered an imprinting gene. Tabano et al. (2010) reported that the average, minimum, and maximum values of ICR1 methylation in H19 in human UC tissues were 46.9%, 38.2%, and 55.4%, respectively. Our data also showed that H19-DMR methylation levels, calculated as average values across the region amplified by PCR, varied between each UC sample, similar to the results of previous studies.
Several studies have indicated that the methylation levels of the H19-DMR or the transcript levels of H19 influence fetal and newborn growth. Hypomethylation of the H19-DMR in peripheral blood cells is related to SRS in humans, which is characterized by a decreased body weight and IUGR (Eggermann, 2010; Eggermann et al., 2014) . Recent reports have shown that H19 methylation levels in the placenta and UC blood are related to birth weight (Piyasena et al., 2015; Su et al., 2016) . However, in our study, the methylation level of the H19-DMR in human UC tissues was not significantly related to birth weight. It is possible that our sample did not have sufficient power to detect a small effect of methylation level on birth weight given that the variance of birth weight was low (standard deviation; 293.04). Moreover, we could not examine the effects of H19-DMR methylation levels on the incidence of low birth weight (< 2,500 g) because our study population did not include newborns with a birth weight below 2500 g. Nevertheless, several studies also reported no relationship between these factors (Bouwland-Both et al., 2013; Hoyo et al., 2012; Tabano et al., 2010) . Thus, the relationship between H19-DMR methylation levels in human UC tissues and birth weight remains unclear. Additional UC samples and re-analysis could help to elucidate this relationship and the contributing factors in more detail.
We did find that low methylation of H19-DMR (< 50%) was significantly related to decreased head circumference. To the best of our knowledge, this is the first report describing a significant relationship between H19-DMR methylation level in UC tissues and head circumference in newborns. Many studies have reported an association of increased or decreased head circumference with health risks Leadbitter et al., 1999; Souza et al., 2016) . Unfortunately, we did not examine the relationship between head circumference and health risk in newborns in this study. Additional research is needed to evaluate the relationships among H19-DMR methylation levels in UC tissues, head circumference of newborns, and health risk.
Additionally, we evaluated the factors hypothesized to be associated with H19-DMR methylation levels in human UC tissues. Our data showed that very low calorie intake (< 1,000 kcal) during early Fig. 2 . Comparison of H19-DMR methylation levels among low, middle, and high calorie groups H19-DMR methylation levels in genomic DNA of UC tissues were evaluated among low, middle, and high calorie groups.
pregnancy was related to decreased H19-DMR methylation levels. The estimated energy requirement for Japanese women ages 18-49 years is 1,950-2,000 kcal/day, and an additional 50 kcal/day is required during early pregnancy (Ministry of Health, Labour and Welfare, Japan, 2015) . Therefore, the caloric intake in low and middle calorie groups may be insufficient. Calorie intake is important for the methylation of genomic DNA, and calorie restriction can alter methylation levels in fetal tissues. For example Ogawa et al. (2014) reported that 50% food restriction in pregnant mice during gestational days 10-18 causes changes in the methylation levels of several genes in fetal livers in an animal model. Unterberger et al. (2009) also showed that caloric restriction (30%) decreased global methylation levels in the fetal kidney. Their data suggested that low-calorie conditions during early pregnancy alter DNA methylation levels in human fetal tissues. Moreover, our findings confirmed that H19-DMR methylation levels were affected by maternal calorie intake. However, this association does not necessarily reflect a causal relationship, which would require more detailed and focused investigations such as examination of the maternal genetic effects on the fetus. Nonetheless, the logistic regression analysis showed that increased carbohydrate intake as well as low calorie intake are also related to lower H19-DMR methylation levels in UC tissues (Table 5) .
Subpopulation analysis (intake of < 2,000 kcal/day) showed that serum folate and homocysteine concentration, maternal age, and the abovementioned variables were related to lower H19-DMR methylation levels in UC tissues. Previous studies have reported that low calorie conditions using various calorie restriction diets can alter methylation levels in genomic DNA in animal models (Ogawa et al., 2014; Unterberger et al., 2009 ). However, the extent to which calorie restriction alters methylation level is still unknown. Typically, conventional calorie restriction diets include less than 2,000 kcal/day, and very low calorie diets contain less than 1,000 kcal/day. Our data suggested that even common calorie restriction diets during early pregnancy could increase the possibility of changes in methylation levels in fetal tissues compared with those in pregnant women consuming higher calorie diets. Importantly, calorie restriction is often associated with insufficient nutrient intake. In such cases, folate and vitamin B12 intake may also be insufficient in pregnant women. Indeed, in the present study, serum folate levels and calorie intake were related to lower H19-DMR methylation levels in the UC tissues (Table 6 ). Maternal folate levels during pregnancy have previously been associated with changes in the methylation levels of many genes in fetal tissues (Joubert et al., 2016a; McKay et al., 2016) , although one study showed no effect of the maternal folate level on the H19 methylation level in UC blood (van Mil et al., 2014) . By contrast, decreased folate intake was related to decreased DNA methylation of H19 in human UC tissues in our study. These conflicting results may be due to the use of different samples (UC tissues or blood) among studies. Thus, the specific mechanisms by which maternal nutritional status can alter the methylation level of the H19-DMR in UC tissues remain to be clarified.
Moreover, in our subpopulation analysis, maternal aging was significantly related to lower H19-DMR methylation levels in UC tissues. Several studies have shown that maternal and paternal aging cause alterations in methylation levels in several genes, including imprinting genes (Jenkins et al., 2013 (Jenkins et al., , 2014 Qian et al., 2015; Uysal et al., 2015) . Recent studies and reviews have reported that women's ages at first birth are increasing in developed countries (Hibino and Shimazono, 2014) . Therefore, such epigenetic changes in fetal tissues, concomitant with maternal aging, may be important for consideration of health effects in the next generation. Unfortunately, the relationships between maternal factors and regulation of genomic DNA methylation levels in fetal tissues have still not been completely elucidated. Our data showed that increased homocysteine concentrations were associated with elevated H19-DMR methylation in UC tissues; however, a previous study showed that increased maternal homocysteine levels were associated with a decrease in H19 methylation levels in fetal tissues (van Mil et al., 2014) . By contrast, our regression model showed a tendency for gestational age to be related to elevated H19-DMR methylation in UC tissues. To the best of our knowledge, this is the first report of a potential association of gestational age with a change in H19-DMR methylation in UC tissues, although some studies have reported the relationship between gestational age and the DNA methylation level of other genes in cord blood (Braid et al., 2017; Burris et al., 2015; Fernando et al., 2015) . Thus, further studies are needed to confirm our findings. A detailed evaluation of the relationships between maternal environmental factors during early pregnancy and their effects on epigenetic changes in fetal tissues and health risks to fetuses, newborns, and children could clarify the additional risks of altered methylation levels in genomic DNA.
Strengths and limitations
The stability of the cellular composition of target tissues is important for analysis of methylation levels in genomic DNA. In this study, we used human UC tissues, which are known to have a relatively stable cellular composition compared with that of blood cells. The cellular composition of peripheral blood cells or cord blood cells may change in response to physiological condition, such as administration of drugs, viral infection, and other effects.
There were several limitations to this study. First, the sample size was relatively small. Additionally, because most of the participants were Japanese, we were not able to examine racial differences in methylation levels in H19-DMR. Finally, the effects of maternal SES on the H19 methylation level may not have been evaluated adequately, although we incorporated data on maternal educational background and household income as proxies of SES. Thus, further studies are needed to confirm our findings and evaluate the role of H19-DMR methylation levels in UC tissues from other ethnicities.
Conclusion
In this study, we identified that the H19-DMR methylation level in the UC was associated with calorie intake, maternal age, and serum homocysteine and folate levels in early pregnancy. In addition, lower H19-DMR methylation was associated with a decreased head circumference in newborns. These findings provide insights into the relationship between controllable maternal factors and changes in H19-DMR methylation levels in human UC tissues. Given the close link between the H19-DMR and disease development, further validation of this relationship can contribute to effective screening methods to prevent health problems in the future generation.
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